Background: Whereas the majority of animals develop toward a predetermined body plan, plants show iterative growth and continually produce new organs and structures from actively dividing meristems. This raises an intriguing question: How are these newly developed organs patterned? In Arabidopsis embryos, radial symmetry is broken by the bisymmetric specification of the cotyledons in the apical domain. Subsequently, this bisymmetry is propagated to the root promeristem. Results: Here we present a mutually inhibitory feedback loop between auxin and cytokinin that sets distinct boundaries of hormonal output. Cytokinins promote the bisymmetric distribution of the PIN-FORMED (PIN) auxin efflux proteins, which channel auxin toward a central domain. High auxin promotes transcription of the cytokinin signaling inhibitor AHP6, which closes the interaction loop. This bisymmetric auxin response domain specifies the differentiation of protoxylem in a bisymmetric pattern. In embryonic roots, cytokinin is required to translate a bisymmetric auxin response in the cotyledons to a bisymmetric vascular pattern in the root promeristem. Conclusions: Our results present an interactive feedback loop between hormonal signaling and transport by which small biases in hormonal input are propagated into distinct signaling domains to specify the vascular pattern in the root meristem. It is an intriguing possibility that such a mechanism could transform radial patterns and allow continuous vascular connections between other newly emerging organs.
Introduction
Both plants and animals initiate pattern formation from initial asymmetries, which are either transmitted from earlier patterning events or initiated through symmetry breaking. In young globular embryos of Arabidopsis, a gradient of auxin activity creates the first symmetry breakage and establishes an apical-basal axis [1] . Radial symmetry is broken in the shoot pole by cotyledon specification as the embryo transits from the globular to the heart stage [2] . This creates a bisymmetric cellular pattern in the shoot pole with the requisite two planes of symmetry; the first plane of symmetry runs through the shoot apical meristem and cotyledon primordia, and the second is 90 to this. Several mutants have been identified that are defective in acquiring bisymmetry in the apical portion of the embryo. These include mutants affecting auxin signaling and transport [1, 3, 4] and transcription factors belonging to the class III HD-ZIP, DORNR € OSCHEN (DRN), and CUP-LIKE COTYLEDON (CUC) gene families [5] [6] [7] [8] . It is believed that DRN and the class III HD-ZIP proteins form a complex that antagonizes the KANADI gene family to determine cotyledon position. This is likely to act upstream of auxin perception in this process, because defects in the pattern of auxin response and PIN-FORMED (PIN) proteins occur when KANADI, class III HD-ZIP, or DRN activity is reduced [9] [10] [11] . CUC1 and CUC2 act later to promote cotyledon specification, and their expression is auxin regulated [12, 13] .
In contrast to the shoot pole, a bisymmetrical cellular pattern in the embryo axis is not evident until the torpedo stage of embryogenesis; later, this pattern defines vascular organization and the position of lateral roots [14] [15] [16] . In the postembryonic root, vascular cells differentiate and the two planes of symmetry become clearer. The first plane of symmetry runs through a central xylem axis and separates two domains of intervening procambial cells ( Figure 1A ). This axis is one cell wide, with protoxylem occupying the marginal positions and metaxylem occupying the central positions. The second plane is located at 90 to this and runs through the two phloem poles. The position and number of protoxylem and phloem cell files are invariable and create a perfect bisymmetric pattern in the root vasculature ( Figure 1A ).
During embryogenesis and in the growing root, lines with severely compromised cytokinin signaling in the root, such as woodenleg (wol) or plants lacking all three cytokinin receptors, show a radially symmetric pattern of cell differentiation wherein all vascular cells differentiate as protoxylem [17, 18] . Lines with intermediate cytokinin signaling levels, such as cre1 ahk3 (which lacks two functional cytokinin receptors), have defects in establishing protoxylem poles of equal size. These poles are arranged in the correct position, but their irregular and often uneven size produces an altered vascular pattern. The inhibitor of cytokinin signaling AHP6 is expressed in a bisymmetric pattern specifically at the protoxylem position and the adjacent pericycle cells (Figure 2A ) [19] . AHP6 inhibits cytokinin signaling at this position to specify of the differentiation of protoxylem in a bisymmetric pattern. Treatment of plants with exogenous cytokinin or loss of ahp6 function results in a loss of protoxylem identity [18] . AHP6 expression is regulated by cytokinin signaling and in wol becomes radially symmetric in both embryos and growing roots [18] .
Plants develop from meristems, and organs originating from different meristems need to be connected in order for the plant to function as an entire organism. It is not known how the radial pattern necessary for establishing vascular connections is formed in newly emerged organs. In this manuscript, we present a mutually inhibitory feedback mechanism by which small biases in hormonal inputs from one organ can be propagated into distinct fields of hormonal signaling to progressively pattern independently generated organs.
Results

Hormone Response Maxima Are Bisymmetric
In order to define the spatial domain of cytokinin signaling in the postembryonic root, we investigated the activity of two cytokinin-regulated promoters in the vascular cylinder, TCS [20] and ARR5 [21] . We found that their activity peaked in two bisymmetric domains in the intervening procambial cell files adjacent to the xylem axis (Figures 1B and 1F ; see also Figures S1A-S1C available online). AHP6 is an important factor that restricts the radial boundary of this domain, because in the ahp6 mutant, the domain of ARR5 expression expands radially to occupy the protoxylem position ( Figure S1F ). To identify factors mediating the bisymmetric pattern of AHP6 expression in the protoxylem domain, we investigated the role of auxin, because it is known to cooperate with cytokinin in regulating several aspects of plant development [20, [22] [23] [24] [25] [26] . By analyzing the expression of reporter genes under the auxin-regulated DR5rev and IAA2 promoters [1, 27] , we detected a bisymmetric auxin response maximum in the xylem axis overlapping with AHP6 expression. Shootward of the quiescent center (QC), the signal was observed throughout the xylem axis ( Figures 1C-1E and 1G ; Figures S1D and S1E) and was refined to two maxima at the protoxylem position in subsequent daughter cells (approximately 40 mm shootward of the QC). This new domain of high auxin response is located between the previously reported maxima at the QC [28] and the basal meristem [29] .
We tested whether this high auxin response maximum affected vascular pattern by disrupting auxin transport using the auxin transport inhibitor 1-naphthylphthalamic acid (NPA) [30] at a concentration where the expression of QC markers was unaltered ( Figure S2B ). When plants were treated with NPA for 5 days, both the pIAA2::GUS and DR5rev::GFP signals disappeared from the xylem axis and became radially symmetric in the pericycle and outer cell layers, suggesting that active auxin transport is required to maintain a bisymmetric pattern of auxin response ( Figure 2E ; Figure S2A ). Furthermore, the pAHP6::GFP signal disappeared from the protoxylem position and expanded radially in the pericycle cells ( Figure 2B ; Figure S2C ). Induction of local auxin biosynthesis in the AHP6 domain reduced this effect ( Figure S2D ). Consistently, treatment with NPA resulted in a dose-dependent loss-of-protoxylem phenotype similar to the ahp6 mutant (Figures 2F and 2G ; Figure S2L ).
Auxin Specifies Protoxylem
These data suggest that AHP6 expression and the consequent specification of protoxylem in the correct position depend on the accumulation of auxin in a bisymmetric pattern. In order to understand the relationship between AHP6 expression and auxin in more detail, we created transgenic lines expressing the stabilized inhibitor of auxin signaling axr3-1 [31] throughout the vascular cylinder (pCRE1::XVE>>axr3-1). Induction of axr3-1 resulted in loss of pAHP6::GFP signal from (E-G) Germination on media supplemented with 5 mM NPA also causes dispersal of the auxin signaling maximum (E) and loss of protoxylem identity (F and G). Fuchsin staining highlights lignified tissue; the helical staining is typical of protoxylem. (H) qRT-PCR showed that AHP6, IAA2, and AthB8 are all auxin responsive. Root tips from 5-day-old seedlings were subjected to a mock treatment (green bars) or a 2 hr treatment with 1 mM indole-3-acetic acid (IAA) (red bars). ACT2 was used as a reference; standard error is indicated. (I) AtHB8 is expressed within the xylem axis. (J) When auxin signaling is severely compromised in the axr3-1 mutant, there is an associated loss of protoxylem. (K and L) The all-protoxylem phenotype of wol was suppressed by the induction of axr3-1. The vasculature has been stained with toluidine blue, and the protoxylem cells can be recognized by light blue staining. (M-R) pin3 pin7 mutants form unstable auxin response maxima. In some individuals, the auxin response maxima are expanded and plants have ectopic protoxylem and expanded domains of AHP6 expression; in other individuals, the auxin response maxima are reduced and plants show reduced AHP6 expression and loss of protoxylem compared to wild-type (F). Scale bars represent 10 mm in cross-section images and 25 mm in fuchsin-stained images. See also Figure S2 . the root meristem within 24 hr ( Figure 2C ), and protoxylem was absent from young roots in axr3-1 mutants ( Figure 2J ). We also observed a 10-fold increase in AHP6 expression in wild-type roots after a 2 hr incubation with indole-3-acetic acid (IAA); this response was comparable to that of the primary response gene IAA2 ( Figure 2H ). Through a series of deletions of the AHP6 promoter, we determined that 755 bp of DNA upstream of the start codon was sufficient to consistently drive expression at the protoxylem position ( Figure S2E) ; within this domain, we identified five putative auxin response elements ( Figure S2K ). We cloned a synthetic version of this promoter with these sites mutated to abolish binding of the auxin response family (ARF) proteins (TGTC/TGGC [20] ) and used this to drive GFP. None of the primary transformants (0 of 12 lines) containing pAHP6 mut ::GFP recapitulated the normal pattern, and only one line showed any GFP expression ( Figure 2D ); in contrast, 21 of 22 pAHP6 755bp ::GFP control lines showed GFP signal in the protoxylem. Consistent with these findings, recent microarray data show that AHP6 is downregulated in monopteros (mp) mutant seedlings as well as upon brief induction of the dexamethasone-inducible GR-bodenlos inhibitor (1.5-fold down in both cases; q value < 0.05) [32] . Taken together, these data indicate that AHP6 is targeted as a primary auxin response gene.
We next investigated the relationship between these domains of high auxin and high cytokinin signaling. Either application of exogenous cytokinin or the ahp6 mutation resulted in a reduction of the auxin signaling maximum and an expansion of cytokinin signaling to include the protoxylem position (Figures 1I and 1J ; Figure S1F ). In contrast, mutants with reduced cytokinin signaling showed an expanded auxin response maximum. We observed pIAA2::GUS ( Figure 1K ), DR5rev::GFP, and pAHP6::GFP signal in a radially symmetric pattern in wol, whereas the auxin maximum was expanded radially in the milder cre1 ahk3 mutant ( Figure 1H ). Consistent with this, we observed little pARR5::GUS expression in the vasculature of cre1 ahk3 and no expression in the vasculature of wol ( Figure S1H ). In order to examine the relationship between auxin transport and cytokinin signaling, we germinated plants on a concentration of NPA where plants typically fail to form protoxylem and induced expression of a cytokinin-degrading enzyme, CYTOKININ OXIDASE 1 (CKX1), in the vascular cylinder [33] . We observed radially expanded domains of IAA2 and AHP6 expression accompanied by multiple strands of ectopic protoxylem ( Figure S2G ). Treatment of wol with NPA had no effect on AHP6 expression or the allprotoxylem phenotype, and all vascular cells maintained a radially symmetric pattern of high auxin response ( Figure S1G ). In both of these experiments, changes in cytokinin levels or signaling had strong effects on manipulating vascular pattern; however, these changes in cytokinin were always coupled with changes in the pattern of auxin response. The fact that such experiments were unable to separate the role of cytokinin signaling from auxin response suggested that cytokinins may function purely to position the auxin maximum and that it is the auxin maximum that specifies vascular pattern.
We then tested whether cytokinin could have a role in regulating AHP6 in a manner independent from auxin transport. Whereas cytokinin treatment erased AHP6 expression, a cotreatment with both cytokinin and NPA was unable to do so ( Figure S2F ), suggesting that cytokinin regulation of AHP6 is dependent on auxin transport.
Based on the tight spatial correlation between auxin signaling and vascular pattern, we questioned whether high auxin signaling rather than low cytokinin signaling was the primary factor determining protoxylem identity. To test this, we introduced pCRE1::XVE>>axr3-1 into wol and observed suppression of the all-protoxylem phenotype ( Figures 2K  and 2L ). We then examined the hormonal regulation of the xylem identity gene AtHB8. In leaves, AtHB8 has been used as a marker for preprocambial cells [34] ; however, in roots, expression data from in situ hybridizations as well as genetic data indicate a role in the specification of xylem identity [35] . We confirmed that AtHB8 is expressed in the xylem axis in an overlapping manner with the auxin response maximum and that its transcript is rapidly upregulated in root tips by auxin treatment [34] (Figures 2H and 2I) . A longer treatment of pAtHB8::GFP with cytokinin led to a loss of expression at the protoxylem position, although, in a manner similar to the pIAA2::GUS signal, the pAtHB8::GFP signal was maintained in the central cells of the xylem axis ( Figures S2I and S2J ). Taken together, these results indicate that the bisymmetric auxin response induces both AHP6 expression and protoxylem specification.
PINs Position the Bisymmetric Auxin Response
Because NPA interferes with auxin efflux, we screened mutations in loci encoding PIN auxin efflux carriers [36] for defects in vascular pattern. We found weak and nonpenetrant phenotypes in pin1 but were unable to observe phenotypes in pin2, pin3, pin4, or pin7 mutants ( Figure S2L ). To explore whether the PIN proteins play a redundant role in establishing the auxin maximum, we investigated their distribution within the vasculature of the root meristem. Consistent with published reports [37, 38] , we observed PIN1:GFP, PIN3:GFP, PIN4:GFP, and PIN7:GFP in the vascular tissue and PIN2:GFP in the epidermis and cortex cells (Figure 3 ; Figure S3A ). Although PIN1:GFP was present in all vascular cells ( Figures 3A and 3B) , closer examination using immunolocalization revealed that this pattern was not radially symmetric: whereas PIN1 appeared basally localized in protoxylem and metaxylem cell lineages, it was localized on both lateral and basal membranes of cells flanking the xylem axis ( Figures 3C-3E) . Within the first 20 mm shootward of the QC, PIN3:GFP signal was observed in a bisymmetric pattern in the pericycle cells touching the protoxylem; the signal expanded into the central cells of the xylem axis between 20 mm and 50 mm but retained bisymmetry until it finally became radially symmetric at approximately 100 mm (Figures 3G and 3H ; Figure S3C ). PIN4:GFP was abundant in the QC, and the signal expanded into the provascular cells in a radially symmetric manner ( Figure S3A ). PIN7:GFP was present in all intervening procambial cells and phloem initials, forming two bisymmetric domains flanking the xylem axis ( Figures 3L and 3M ). Although PIN7:GFP was predominantly localized to the basal membrane, we saw additional localization of PIN7:GFP to the lateral membranes of intervening procambial cells ( Figure 3K ). These observations suggest a model where enhanced lateral auxin transport across the intervening procambial cells combined with reduced overall transport at the protoxylem positions could force auxin to accumulate within the xylem axis. The basal localization of PIN1:GFP at the protoxylem position implies a top-down signaling mechanism that would ensure continuity in the high auxin response in the protoxylem files. As a result of their nonradially symmetric pattern within the vascular cylinder, PIN1, PIN3, and PIN7 may make the most significant contributions to vascular patterning. Accordingly, we observed unstable formation of the auxin response maximum in the pin3 pin7 double mutant. We observed fluctuations in the size of the protoxylem poles; some individuals showed loss of protoxylem, whereas others showed ectopic protoxylem ( Figures  2Q and 2R; Figure S2L ). The signal from DR5rev::GFP and pAHP6::GFP expression was expanded at some poles and absent from others ( Figures 2M-2P ). These data show that PINs are collectively required to create a stable bisymmetric auxin response maximum in the xylem axis; this positions AHP6 expression and promotes protoxylem differentiation in a bisymmetric pattern. (C-F) Closer examination by immunolocalization using a-PIN1 stained with Cy-3 (red) and a-GFP in pAHP6::GFP stained with Alexa 488 (green) revealed that within the xylem axis (px, protoxylem; mx, metaxylem), PIN1 is localized to basal membranes. In the pericycle cells (pc) touching the xylem axis, PIN1 is additionally located on lateral membranes pointing toward the xylem axis (arrowheads). Within the intervening procambial cells (ipc), PIN1 polarity is more dispersed. PIN1 shows a predominantly basal polarity in all vascular cells in wol; a maximum-projection image is shown in (F). (G-J) pPIN3::PIN3:GFP signal is present in pericycle cells flanking the protoxylem close to the root tip and becomes more widespread higher in the root. PIN3 is present at a low level in all vascular cells in wol.
(K-R) pPIN7::PIN7:GFP signal is present in the intervening procambial cells flanking the xylem axis. In mutants with low cytokinin signaling, such as cre1 ahk3 and wol, the PIN7 domain is reduced. When cytokinin is elevated (e.g., following a 12 hr CKI induction using pCRE1::XVE>>CKI, or in ahp6), the PIN7 domain expands to include the protoxylem position. Immunolocalization with a-GFP in pPIN7::PIN7:GFP suggests that PIN7 is localized on lateral as well as basal membranes. (S) When PIN7 was induced under the control of the CRE1 promoter in a sensitized background, it was sufficient to perturb the formation of the auxin response maximum. Scale bars represents 10 mm in cross-section images and 50 mm in longitudinal images (except that C and F are 20 mm, and D and E are 5 mm). Optical crosssection images are scans from 20 mm above the QC, except for (L), (Q), and (R), which are from 60 mm above the QC, where the signal was clearer for visualization. See also Figure S3 .
Cytokinin Signaling Regulates Auxin Transport
It has been previously shown that cytokinins regulate the expression of PIN genes [22] [23] [24] [25] . We therefore examined the distribution of the PIN proteins in backgrounds affected in cytokinin signaling. We found that cytokinin signaling was required for the correct radial patterning of PIN1, PIN3, and PIN7. No PIN7:GFP signal was observed in the meristematic zone in wol (Figures 3N and 3O) , whereas in cre1 ahk3, PIN7 was present in a smaller domain flanking an enlarged xylem axis ( Figure 3Q) ; by contrast, in ahp6, the domain of PIN7 protein typically expanded to include the protoxylem position ( Figure 3R ). The PIN3:GFP signal was faint in wol and had expanded to include all vascular cells ( Figures 3I and 3J) , and PIN1 was basally localized in all vascular cells of wol ( Figure 3F ). In addition, we examined the distribution of PIN proteins in response to exogenous cytokinin and found that PIN3 shifted away from the protoxylem-associated pericycle cells and PIN7 expanded radially to include the protoxylem position ( Figure S3B ). Analysis of the transcriptional reporter gene pPIN7::GFP:GUS showed a similar response to cytokinin ( Figure S3D ), suggesting that this control is likely to occur at the transcriptional level. The effect of cytokinin on PIN7 organization occurs rapidly, because rearrangement of the PIN7 pattern could be observed 12 hr after treatment with cytokinin or vascular-specific induction of the constitutive cytokinin signaling component CYTOKININ-INDEPENDENT1 (CKI) [39] ( Figure 3P) . By examining the response of the various markers to a change in cytokinin signaling, we found that the cytokinininduced change in PIN7 pattern preceded the changes in the auxin response maxima and AHP6 expression, which preceded the anatomical changes ( Figure S3E ). We also examined the order of events when CKX1 was induced in wildtype plants and observed that changes in IAA2 and AHP6 preceded anatomical changes, indicating that changes in hormonal signaling domains occur upstream of changes in cell identity ( Figure S2H) . In order to test whether altered domains of PIN proteins are sufficient to disperse the auxin response maximum, we developed a construct in which PIN7 would be expressed ubiquitously throughout the vascular cylinder rather than in two bisymmetric domains flanking the xylem axis. To do this, we created the pCRE1::XVE>>PIN7 line and introduced it to the sensitized pin7 DR5rev::GFP line. Following a 12 hr induction, we observed that a significant proportion of plants showed defects in establishing an auxin response maximum in the xylem axis ( Figure 3S ). This shows that the positioning of PIN proteins flanking the xylem axis is necessary for the auxin maxima to form at the correct position. Together, these results indicate that cytokinin regulates the bisymmetric localization of PINs in a relatively direct manner. In summary, we have determined a mutually inhibitory interaction between cytokinins and polar auxin transport that regulates boundary formation at the protoxylem position. We show that this interaction specifies the spatial domain of high auxin signaling and this is required for protoxylem to differentiate in a bisymmetric pattern.
Specification of Vascular Pattern
Finally, we examined the events that establish the initial bisymmetry in the embryonic root. DR5 activity has been reported in the hypophysis and upper suspensor cells of the globular stage embryo [1, 40] . From the triangular stage onward, there are additional domains of high auxin response in the cotyledon apices and in the provasculature. We found that IAA2 and AHP6 reported different subsets of this auxin response. IAA2 displayed a root-specific auxin response, which we used to follow symmetry-breaking events in the root promeristem ( Figures 4A and 4B ). AHP6 expression more closely followed that of the MP-targeted DRN gene ( Figure 4C ) [9] . In early heart-shaped embryos, IAA2 is expressed in the procambium in a radially symmetric pattern ( Figure 4B ; Figure S4A ). AHP6 expression was not observed until the triangular stage and from then onward was observed in the cotyledon apices (A and B) IAA2 is expressed in the root promeristem in a radially symmetric pattern in heart-stage embryos. The promeristem is a minimal set of initial cells that later gives rise to the root structure seen in the root. After symmetry breakage, during the torpedo stage of embryogenesis, IAA2 can be seen forming two signaling maxima at the position in which the protoxylem will form. (C) During the early heart stage of embryogenesis, AHP6 expression is confined to the cotyledon apices. During the mid to late heart stage, before symmetry breakage can occur, the AHP6 response migrates toward the promeristem in two strands. (D and E) When plants are grown on 5 mM NPA for periods longer than 12 days, there is an increased number of vascular cells, and this is often associated with an increase in the number of poles of AHP6 expression and protoxylem. (D) shows a root grown on 5 mM NPA for 12 days. There are four xylem poles arranged in a cruciform pattern (red arrows) that can be visualized by the expression of AHP6::GUS. (E) shows a root grown on 5 mM NPA for 21 days. The xylem can be visualized by staining with toluidine blue. There are seven poles (red arrows), and these do not appear to be organized in a recognizable pattern. Scale bars represent 20 mm. See also Figure S4. ( Figure S4B ). During the early-to-mid heart stages, there is a top-down migration of two domains of AHP6 expression from the cotyledons into the provasculature ( Figure 4C ). At this point, the symmetry of the IAA2 pattern is broken and two poles of high auxin response form in alignment with the cotyledons ( Figure 4B) ; subsequently, the cellular pattern in the root promeristem transits from radial symmetry to bisymmetry [16] . Cytokinin is required for this process because symmetry-breaking events specifying the cotyledons are not translated to bisymmetric AHP6 expression or a bisymmetric cellular pattern in wol embryos [16, 18] .
Within eudicots, there is variation in vascular pattern, with members typically having between one and four xylem poles. There is an approximate correlation between the diameter of the vascular cylinder and the number of vascular poles [41] . For this patterning mechanism to be conserved throughout eudicots, it would need to be capable of resetting the vascular pattern based upon increased vascular cell number or altered hormonal inputs. We were able to observe this in Arabidopsis when plants were grown on 5 mM NPA for 12 days. Under these conditions, we consistently observed increased cell number. This was frequently coupled with an increase in the number of poles of AHP6 expression, leading to a shift from a diarch to a tetrarch vascular pattern ( Figure 4D ; Figure S4C ). When plants were left on NPA medium for longer periods, we saw even greater increases in the number of xylem poles, which often arose in a seemingly haphazard pattern ( Figure 4E ; Figure S4C ).
Discussion
We present a feedback loop between auxin and cytokinin that is capable of specifying vascular pattern ( Figure 5A ). The mutual inhibition between domains of high auxin and high cytokinin signaling forms a core mechanism that establishes welldefined boundaries between these domains. The position of these domains is fairly robust and is only affected by dramatic changes in auxin and cytokinin signaling, such as those seen in the wol and axr3 mutants. These mutants display the two most extreme phenotypes (all protoxylem and no protoxylem, respectively), demonstrating that these two hormones are required to regulate root vascular pattern ( Figure 5B ). In contrast, the relative size of these signaling domains is sensitive to small changes in hormonal inputs, such as those seen in pin mutants and ahp6.
The mechanism of vascular patterning proposed here differs in key respects from models proposed for other systems, such as lateral inhibition in root hair and trichome initiation [42] or the reflux mechanism proposed to maintain the auxin maximum at the QC [43] . Root hair initiation is governed by a reactiondiffusion dynamic in which a mobile signal (the MYB-family proteins CPC and TRY) travels from the cell where it is expressed to inhibit its own expression in neighboring cells. In the reflux model, auxin efflux from QC and/or columella is essential for generating the stable maximum and the ''auxin capacitance'' of the root [43] . The mechanism proposed here, however, describes a feedback loop where auxin signaling (indirectly) inhibits auxin efflux, thus reinforcing the accumulation of auxin; this results in a robust maximum with a clearly delineated boundary between the signaling domains.
An Auxin-Cytokinin Interaction Sets Boundaries for Cell Differentiation Thus far, reports of how auxin-cytokinin interactions guide plant development have shown linear interaction mechanisms that have been insufficient to explain how the signaling domains of both hormones are formed. For example, auxin signaling regulates the repressors of cytokinin signaling ARR7 and ARR15 to specify the root stem cell niche [20] and control the activity of the shoot apical meristem [26] , and cytokinin signaling activates the auxin signaling inhibitor SHY2 to control the size of the proximal root meristem [22] .
In this manuscript, we present a feedback loop that is capable of specifying precise boundaries to regulate the size of both the high auxin and high cytokinin signaling domains (i.e., cytokinin signaling regulates auxin transport, and auxin signaling regulates an inhibitor of cytokinin signaling). High cytokinin signaling in the procambial cells directs the A mutually inhibitory mechanism exists by which an initial bias in hormonal input can be propagated into two sharply defined domains of elevated hormonal response. High cytokinin signaling in the procambial cells promotes the expression of PIN7 and the localization of PIN1 and PIN7 on the lateral membranes of these cells (the subcellular localization of PINs is shown collectively in yellow). The effect that cytokinin signaling exerts on the subcellular localization of PINs is shown by black arrowheads; we do not know whether this is a direct consequence of cytokinin signaling. This cytokinin-dependent PIN activity forces auxin out of the procambial cells, where it accumulates in the meristematic cells in the protoxylem position (IAA movement is illustrated by the dashed line). High auxin signaling at this position promotes the specification of protoxylem fate and the transcription of the cytokinin signaling inhibitor AHP6, which closes the interactive loop. In addition to the lateral flow of auxin described here, there is also a well-documented basipetal flow of auxin through the vasculature [43] . (B) Schematic diagram showing the extreme protoxylem phenotypes when either cytokinin or auxin signaling is severely compromised. In these cases, the vascular cell pattern becomes radially symmetric and results in allprotoxylem or no-protoxylem phenotypes. Protoxylem cells are shown in blue; other vascular cell types are shown in white.
expression and localization of PIN proteins. We show that cytokinin signaling promotes PIN7 expression. Following cytokinin treatments, expression of pPIN7::GFP:GUS is expanded to include the protoxylem position, and pPIN7::PIN7:GFP is absent from the proximal meristem in wol mutants. We also observed a radially symmetric pattern of PIN1 localization and PIN3 distribution in wol mutants. This bisymmetric pattern of PIN proteins channels the radial transport of auxin, causing accumulation in the xylem axis. Redundancy between the PIN proteins has obscured genetic analysis of this process; however, we observed unstable formation of auxin maxima in pin3 pin7 double mutants. High auxin signaling at the protoxylem position promotes the expression of AHP6, which restricts the domain of high cytokinin signaling by inhibiting cytokinin signaling at this position. High auxin output in the xylem axis also promotes the expression of the xylem identity gene AtHB8 and promotes the specification of protoxylem. Manipulation of either the transport or signaling of auxin or cytokinin shifts the boundary between these hormonal domains.
Top-down Hormonal Transport
The long-distance flow of auxin is already well understood. Studies have shown that the basal subcellular localization of PIN1, PIN3, and PIN7 directs a flow of auxin rootward through the vascular tissue [37, 38] . In the columella, this flow is redirected laterally to the root cap and epidermis, where it flows shootward and is recycled in the elongation zone [37] . The concerted action of the PIN proteins concentrates auxin in the QC [28] ; this restricts the domain of the PLETHORA (PLT) genes, which control root stem cell specification [44] . Our results expand this concept: we show an additional role for PIN1, PIN3, and PIN7 in guiding this vascular flow toward the xylem axis, thereby modifying the top-down flow to create a new xylem-specific auxin maximum. This maximum could be generated by cell-to-cell transport of auxin across lateral membranes or by a reduced basal transport of auxin at the protoxylem position (where only PIN1 is active). At this stage, the relative contribution of each of these processes is unknown. It has recently been shown that cytokinin transported through the phloem is an important source of cytokinins in the root procambium [45] . As we show elsewhere in this issue of Current Biology, when the levels of cytokinin transported through the phloem are reduced, this leads to a destabilization of vascular patterning [45] . Together, the combined effects of phloem-transported cytokinin and PINguided auxin transport are likely to play an important role in reinforcing the vascular pattern to ensure the formation of continuous xylem files.
Establishment of Bisymmetry in Roots and Newly Developed Organs
The structure of the Arabidopsis vascular cylinder differs from many eudicots, which have between one and four xylem poles. However, in such plants there are always an equal number of xylem and phloem poles that are arranged in a symmetrical pattern. There is an approximate correlation between the diameter of the vascular cylinder and the number of vascular poles [41] . It is probable that given increased space or different hormonal inputs, such a mutually inhibitory system could reset the initial symmetry bias provided by the cotyledons to establish an altered number of auxin response maxima to create alternative vascular patterns. The wol ahp6 mutant and certain intergenic wol suppressor mutants have smaller vascular cylinders and only contain one xylem pole [18, 19] ; on the other hand, long-term NPA treatments cause the size of the vascular cylinder to increase, and ectopic xylem poles form a tetrarch structure.
The combination of auxin and cytokinin also regulates the patterning of many other newly emerging meristems in plants such as lateral root primordia, root nodules, axillary buds, and even emerging leaf primordia from the shoot apical meristem [46, 47] . In such cases, it is likely that hormonal transport through the vascular network provides small positional biases in hormone inputs. It is an intriguing possibility that an interactive feedback loop between hormonal transport and signaling similar to the one described here also exists in these contexts, providing a mechanism to transform radial patterns and allowing continuous vascular connections between organs.
Experimental Procedures
Anatomical and histological analyses were based on 5-day-old seedlings grown under long-day conditions (for details of plant lines, see Supplemental Experimental Procedures). Transverse sectioning, fuchsin staining, qRT-PCR, in situ hybridization, and confocal imaging were performed as described previously [17, 18] , except analysis was now performed on a Leica SP5 confocal microscope using a solid-state blue laser for GFP (480 nm/270 mW) and a lime laser for Cy-3 (561 nm/20 mW). For root-tip qRT-PCR, we dissected 2 mm sections. GUS staining [48] and immunolocalizations were carried out as described previously [49] (for oligonucleotide sequences, see Supplemental Experimental Procedures). The plastic cross-section protocol for GUS samples was modified by incubating the roots in 1:1 EtOH/plastic solution and in 100% plastic solution for 1-2 hr before embedding them in plastic envelopes with hardener. The inducible system used is a modified version of pER8, an estrogen-receptor based chemical-inducible system [50] . Effector genes were subcloned into pDONR(Zeo) (Invitrogen) and recombined into the inducible system. Most transgenic lines were constructed using the MultiSite Gateway system, and all were transformed into plants via the floral dip method.
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